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ABSTRACT 

A t  t h e  beginning of a proposed a r t i f i c i a l  g r a v i t y  

experiment ,  t h e  s p i n  v e c t o r  of Skylab B would be a l i g n e d  wi th  

t h e  sun v e c t o r  so t h a t  t h e  v e h i c l e ' s  so la r  a r r a y s  produce 

maximum power. I f  n o t  c o n t r o l l e d ,  g r a v i t y  g r a d i e n t  t o rque  and 

t h e  appa ren t  solar  motion due t o  t h e  ea r th ' s  y e a r l y  r o t a t i o n  

about  t h e  sun would cause  t h e  s p i n  vector t o  move away from t h e  

sun. Th i s  motion i s  s t u d i e d  on t i m e  bases  e q u i v a l e n t  t o  one 

o r b i t  and t o  the  whole 30-day d u r a t i o n  of t h e  proposed experiment.  

I t  i s  shown t h a t  i f  the  experiment i s  conducted du r ing  a jud ic ious -  

l y  chosen t i m e  and wi thout  any act ive c o n t r o l ,  t h e  motion causes  

a maximum power loss of 2 . 2 % .  It would r e q u i r e  approximately 

450  l b s  of RCS f u e l  and d a i l y  c r e w  involvement t o  perform c o n t r o l  

maneuvers t o  keep t h e  s p i n  v e c t o r  po in t ed  e x a c t l y  a t  t h e  sun and 

e l i m i n a t e  t h i s  s m a l l  power lo s s .  
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1 . 0  INTRODUCTION 

An a r t i f i c i a l  g r a v i t y  experiment i s  be ing  cons idered  
f o r  t h e  proposed second Skylab. The a r t i f i c i a l  g f i e l d  i s  t o  
be ob ta ined  by sp inn ing  the  v e h i c l e  about i t s  m a s s  c e n t e r .  
A s  t h e  Skylab B c o n f i g u r a t i o n s  under s tudy  i n c l u d e  p l a n a r  s o l a r  
a r r a y s  pe rpend icu la r  t o  t h e  v e h i c l e  Z-axis, it i s  d e s i r a b l e  
t h a t  t h e  v e h i c l e  Z-axis be t h e  s p i n  a x i s  and t h a t  it be a l i g n e d  
p a r a l l e l  t o  t h e  solar  vector (see Figure  1). However, t h e  
vehicle Z-axis i s  n o t  n e c e s s a r i l y  t h e  a x i s  of maximum moment of 
i n e r t i a  (X3-axis),  and r o t a t i o n a l  s t a b i l i t y  r e q u i r e s  t h a t  t he  

s p i n  a x i s  be t h e  X a x i s .  
t o  t h e  Skylab A c o n f i g u r a t i o n ,  t h e  X3-axis can be brought  t o  
w i t h i n  about  5O of t h e  vehicle Z-axis. Other Skylab B con- 
f i g u r a t i o n s  under s tudy  (without  t h e  ATM) can,  w i t h  c a r e f u l  
a t t e n t i o n  t o  mass d i s t r i b u t i o n ,  ach ieve  s i m i l a r  al ignment.  

With t h e  a d d i t i o n  of  b a l l a s t i n g  beams 3 

The s p i n  angu la r  momentum vector can be i n i t i a l l y  
a l i g n e d  w i t h  t h e  X3-axis and w i t h  t he  so la r  v e c t o r ,  and t h e  

power pena l ty  i s  almost n e g l i g i b l e .  But t h e r e  a r e  several 
effects  which t e n d  t o  move t h e  X3-axis off  t h e  sun l i n e .  These 

are g r a v i t y  g r a d i e n t  t o rques ,  aerodynamic t o r q u e s ,  and t h e  
motion of t h e  ear th  about  t h e  sun. An estimate of CSM RCS f u e l  
r e q u i r e d  t o  counter  t h e  e f f e c t s  of t h e  b i a s  g r a v i t y  g r a d i e n t  
t o r q u e  and apparent  sun motion has  been given i n  Reference 2 .  
Such f u e l  estimates are important  i f  it becomes necessa ry  t o  
c o n t r o l  t h e  motion on a d a i l y  b a s i s ,  r e g a r d l e s s  of t he  magnitude 
of t h e  X3-axis excur s ion  from t h e  sun l i n e .  The purposes  of 
t h i s  s tudy  w e r e  t o  o b t a i n  a precise d e s c r i p t i o n  of  uncon t ro l l ed  
v e h i c l e  motion over both s h o r t  and long terms and t o  assess t h e  
f e a s i b i l i t y  of us ing  p a s s i v e  p recess ion  c o n t r o l  by conduct ing t h e  
a r t i f i c i a l  g experiment dur ing  a p re - se l ec t ed ,  optimum t i m e .  

2 . 0  COORDINATE SYSTEMS 

Because t h e  v e h i c l e  i s  sp inn ing ,  it i s  d e s i r a b l e  t o  
c a r r y  o u t  t h e  a n a l y s i s  i n  a body f i x e d ,  p r i n c i p a l  a x i s  frame 
(X1, X 2 ,  X 3 ) ,  c a l l e d  s p a c e c r a f t  (sc) coord ina te s .  T o  s tudy  t h e  
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motion of  t h e  v e h i c l e  r e l a t i v e  t o  t h e  sun,, w e  i n t roduce  t h e  
solar i n e r t i a l  coo rd ina te  system ( X  

i n  F igu re  2 ( a ) .  
system ( X n ,  

p o i n t i n g  ang le s  B and $ and t o  t h e  local ve r t i ca l  system 
( X R v ,  YRv, Z R v )  
$ t o  launch d a t e  and t i m e ,  o r b i t a l  parameters  and t i m e  a f te r  
launch are w e l l  e s t a b l i s h e d .  ( 3 )  
ascending node, i s  found from 

Z s i ) ,  which i s  shown s i ,  'si, 
A l s o  shown i n  F igure  2 ( a )  is  t h e  nodal coord ina te  

Z n ) ,  r e l a t e d  t o  t h e  so l a r  i n e r t i a l  frame by so la r  

through t h e  angle  q. 

'n 

T h e  r e l a t i o n s h i p s  of B and 

The ang le  r l ,  measured from t h e  

where  w o  is  t h e  o r b i t a l  ra te  and t is  t h e  t i m e  a f te r  a nodal  pass .  
To go f r o m  t h e  solar  i n e r t i a l  c o o r d i n a t e  system t o  sc coord ina te s  
an E u l e r  angle  t ransformat ion  ( Y  X Z-sequence) is  employed. The 

E u l e r  ang le s  el, 
i n  loca l  v e r t i c a l  coord ina tes ,  r ep resen ted  by a 3 x 1 m a t r i x  uRV,  
i s  e x p r e s s i b l e  i n  sc coord ina te s  by 

e 2 ,  and e 3  a r e  p i c t u r e d  i n  F igure  3. A v e c t o r  

where  

and 

0 

Tx 5 = 1 c g  

- s  5 

Tz = z: 
5 

0 

Tx Ty RV 

B 

'I C 5  

-"I c5 

;I 1 



FIGURE 2 (a) - COORDINATE SYSTEMS 

y7 
EARTH LOCATION A 7 (AUTUMNAL EQUINOX) 

EARTH'S PATH 
ABOUT SUN 

ECLIPTIC PLANE 

FIGURE 2 (b) - GEOCENTRIC INERTIAL COORDINATE SYSTEM X7 Yy Z? 
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S i m i l a r l y ,  a vey to r  i n  t h e  nodal  system is  e x p r e s s i b l e  i n  sc 
c o o r d i n a t e s  by 

W e  d e f i n e  a g e o c e n t r i c  i n e r t i a l  frame ( X  , Z ) whose Z-axis 
i s  d i r e c t e d  toward t h e  sun a t  autumnal equinox (see F igure  2 ( b ) ) .  
A v e c t o r  i n  t h e  nodal  frame i s  related t o  a v e c t o r  i n  t h i s  
i n e r t i a l  frame by 

Y y Y f  Y 

un = Ti TS2 Tz UY e r 
( 4 )  

where i i s  t h e  o r b i t  i n c l i n a t i o n ,  Qr i s  t h e  ang le  between 
ascending node and Z , and e is t h e  angle  between t h e  e c l i p t i c  
and e q u a t o r i a l  p lanes .  

Y 

The Eu le r  angle  r a t e s ,  i1, i2, and i3 a r e  r e l a t e d  t o  t h e  

s p a c e c r a f t  body r a t e s  r e l a t i v e  t o  t h e  s o l a r  i n e r t i a l  frame, 

(wsc/si 1, (wsc/si)2,  and (wsc/si sc ) by t h e  ma t r ix  r e p r e s e n t a t i o n  sc 1 sc 

e =  

s e 3 t e 1  1 

-se3 

c e p l  :I 1 sc 
sc/si w (5) 

Angles 
p r e c e s s i o n  ang le s  of t h e  s p a c e c r a f t  w i t h  r e s p e c t  t o  t h e  s o l a r  
i n e r t i a l  system. 

and O 2  are de f ined ,  r e s p e c t i v e l y ,  as t h e  n u t a t i o n  and 

3.0 DISTURBANCE TORQUES 

3 .1  Aerodvnamic Toraue 

Over an o r b i t ,  the  o r i e n t a t i o n  of t h e  v e h i c l e  s p i n  
v e c t o r  w i l l  n o t  change s i g n i f i c a n t l y ;  s p e c i f i c a l l y ,  r e s u l t s  show 



that the maximum precession per orbit is op the order of 0.2 
degrees and nutation half-an-order-of-magnitude less. Because 
of this almost fixed orientation, the per-orbit average of 
aerodynamic torque tends to zero. Consequently, aerodynamic 
torques are not a significant factor in the precession and 
nutation of the vehicle. As a matter of interest, a calculation 
has shown that over a thirty day period, aerodynamic drag forces 
which constantly oppose vehicle spin have no significant effect 
on the spin rate. 

3.2 Gravity Gradient Torque 

Gravity gradient torque is the major disturbing torque 
on the vehicle. The expression for gravity gradient torque in 
local vertical coordinates is 

2 'LRV =Rv Rv 
= 3 w 0  p P 

RV T 
gg 

where I is the inertia matrix of the vehicle and pRV is the unit 
vector along the local vertical; that is, 

'L The tilde operator ( ) over the matrix representation of a vector 
is isomorphic to the vector cross product. For example, consider 
the vectors 

and 
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The t i l d e  o p e r a t o r  on u des igna te s  

r 0 -u3 

0 

and 

rb uv = 

,-lJ 

u3 u =  

2 -U 

0 -c3 11 - . ~  - 

u3 1 0 -u 

0 -'2 u1 

L 

i r v  

1 U 

-U ':I 
0 

ru2v3 - 3 2  * 

I 

It  i s  c lear  t h a t  t h e  terms i n  t h e  m a t r i x  r e s u l t i n g  from Sv are 
t h e  components of  t h e  vector c r o s s  product  u x v. - - 

I n  sc c o o r d i n a t e s ,  t h e  g r a v i t y  g r a d i e n t  t o rque  i s  

ISC P S C  
sc  2 QSC T = 3 w 0  p 

gg 

where,  from ( 2 ) ,  

X Y  RV 
' T T  P T e l  T e 2  B (+-n) e 3  

sc 
p = T  

4 . 0  APPARENT SOLAR MOTION 

The annual  r o t a t i o n  of t h e  ear th  about  t h e  sun causes  
an approximate 1 degree/day r o t a t i o n  of t h e  sun i n  t h e  g e o c e n t r i c  
i n e r t i a l  frame (Y). Since  t h e  equations of motion w i l l  be based 
on measurements made w i t h  r e s p e c t  to t h e  g e o c e n t r i c  i n e r t i a l  
f r ame ,  t h e  apparent  s o l a r  motion will be n a t u r a l l y  inc luded .  
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5.0  EQUATIONS O F  MOTION 

The equat ions  of  motion of  t h e  v e h i c l e  i n  s p a c e c r a f t  
c o o r d i n a t e s  are, i n  ma t r ix  form, 

where Hsc i s  t h e  t o t a l  angular  momentum of t h e  v e h i c l e  expressed  

w i t h  r e s p e c t  t o  sc coord ina te s ,  and wT sc i s  t h e  t o t a l  angu la r  
v e l o c i t y  of t h e  v e h i c l e  w i t h  r e s p e c t  t o  t h e  g e o c e n t r i c  i n e r t i a l  
f r a m e ,  w r i t t e n  i n  sc coord ina te s .  

i n  sc c o o r d i n a t e s ,  H O sc i s  t h e  t i m e  r a te  of change of Hsc computed 

Thus, 

and 
;;sc ' S C  = I W T  

The t o t a l  angular  v e l o c i t y  w;' can be w r i t t e n  

where w S c  i s  t h e  angu la r  v e l o c i t y  of  t h e  s p a c e c r a f t  w i t h  
r e s p e c t  t o  t h e  so la r  i n e r t i a l  frame and uSc 

v e l o c i t y  of t h e  so la r  i n e r t i a l  frame wi th  r e s p e c t  t o  t h e  g e o c e n t r i c  
i n e r t i a l  frame. From ( 3 )  and ( 4 ) ,  no t ing  t h a t  i and e are f i x e d ,  

sc/si 
i s  t h e  angu la r  

S i / Y  

Express ions  f o r  h r ,  i, and 4 may be found i n  Reference 3 .  

are t ransformed i n t o  sc coord ina te s  by us ing  t h e  a p p r o p r i a t e  
t r ans fo rm matrices de f ined  i n  ( 2 ) ,  ( 3 )  and ( 4 ) .  

They 
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S ince  it i s  t h e  motion of t h e  v e h i c l e  wi th  r e s p e c t  t o  t h e  solar  
i n e r t i a l  frame t 'hat i s  of  major i n t e r e s t ,  w e  seek  t o  solve f o r  

w sc/si '  
sc S u b s t i t u t i n g  ( 8 )  and ( 9 )  i n t o  ( 7 )  g i v e s  

The t o t a l  v e h i c l e  body ra tes  a r e  found by s o l v i n g  
f o ~ m z l l y  w e  can w r i t e  

( 1 2 )  f o r  

w -  T wT d t  = I 1."3 d t  

Equat ion (10) g i v e s  

sc sc 
T S i / Y  

- 0  w - - sc 
w sc/si 

S u b s t i t u t i n g  t h e  va lues  of and w sc , determined f r o m  (13) 

and (11) r e s p e c t i v e l y ,  i n t o  ( 1 4 )  g i v e s  t h e  d e s i r e d  q u a n t i t y ,  

t h e  E u l e r  ang le  rates i1 ( n u t a t i o n )  and 6 
so lved  f o r  and i n t e g r a t e d  t o  g i v e  t h e  angular  displacement  of t h e  
v e h i c l e  from t h e  so la r  i n e r t i a l  frame. 

s i / v  

sc The f i n a l  s t e p  i s  t o  s u b s t i t u t e  ( 1 4 )  i n t o  (5)  so t h a t  sc/si '  w 

(p recess ion )  may be 2 

6 . 0  RESULTS 

The numerical  r e s u l t s  are based on a v e h i c l e  whose 
m a s s  p r o p e r t i e s  w e r e  de r ived  from Skylab A by augmenting it f o r  
a one y e a r  mission and inc luding  b a l l a s t  f o r  m a s s  p r o p e r t i e s  
c o n t r o l .  ( * )  The s p i n  rate i s  6 RPM. 

The f i r s t  set  of r e s u l t s  d e s c r i b e  t h e  p r e c i s e  v e h i c l e  
motion over t h e  s h o r t  term. Using f3 ang le  va lues  of +57.0° and 
-54.0°, i n d i c a t e d  by p o i n t s  1 and 2 on t h e  B h i s t o r y  i n  F igu re  4 ,  



0 0 0 0 cu * \o 
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complete O1vs e 2  h i s t o r i e s  f o r  a s i n g l e  o r b i t  w e r e  genera ted .  
F i g u r e s  5 and 6 were de r ived  by n e g l e c t i n g  t h e  e f f e c t  of t h e  
appa ren t  s o l a r  motion; i t  is  c l e a r  t h a t  g r a v i t y  g r a d i e n t  t o r q u e  
produces,  over an o r b i t ,  a completely p r e c e s s i o n a l  motion wi th  
n u t a t i o n a l  excur s ions  r e t u r n i n g  t o  zero a t  t h e  conclus ion  of t h e  
o r b i t .  F igu res  7 and 8 inc lude  t h e  e f f e c t  of s o l a r  motion. The 
motion of t h e  s p i n  v e c t o r  w i t h  r e s p e c t  t o  t h e  sun i s  s t i l l  
p r i m a r i l y  p r e c e s s i o n a l ,  wi th  only a s m a l l  amount of r e s i d u a l  
n u t a t i o n  angle  remaining a t  t h e  end of t h e  o r b i t .  Furthermore,  
f o r  t h e  d i r e c t i o n  of t h e  s p i n  chosen ( s p i n  angular  momentum 
v e c t o r  p o i n t i n g  a t  t h e  sun) i t  is c1ea.r by comparing F igu res  5 
and 7 and 6 and 8 t h a t  so la r  n i w t k x i  ca i i~es  greater precessional 
excur s ions  f o r  p o s i t i v e  B and less f o r  n e g a t i v e  B ,  i n d i c a t i n g  
t h a t  t h e  p o s s i b i l i t y  e x i s t s  f o r  op t imiz ing  CSM RCS f u e l  r equ i r ed  
t o  c o n t r o l  precess ion .  T h i s  w a s ,  i n  f a c t ,  one of t h e  primary 
conclus ions  of Reference 2 .  

The f u e l  op t imiza t ion  s t r a t e g y  j u s t  mentioned would 
be cons ide red  only i f  it is  necessary and/or d e s i r a b l e  t o  con- 
t r o l  t h e  sp in-vec tor  motion on a d a i l y  b a s i s .  Suppose t h e  
experiment i s  conducted during a t i m e  when t h e r e  i s  an optimum 
B a n g l e  trace and t h e  v e h i c l e  i s  l e f t  uncon t ro l l ed ;  i s  t h e  
r e s u l t i n g  long term motion t o l e r a b l e ?  Based on Reference 2 ,  an 
l'optimUm" 30-day f3 h i s t o r y  was approximated and i s  shown i n  
Fig.  4 as t h e  c r o s s  hatched area .  Beginning about 6 4  days a f t e r  
launch, t h e  v e h i c l e ,  spinning a t  6 RPM and p o i n t i n g  d i r e c t l y  a t  
t h e  sun ( e 1  = e 2  = 01,  i s  allowed t o  move i n  a completely uncon- 
t r o l l e d  r a sh ion  f o r  30 days.  The r e s u l t s ,  on a d a i l y  b a s i s ,  a r e  
shown i n  F igure  9 .  Nutat ion excur s ions  remain wi th in  - 1 . 4 1 "  - < 

- < 2.15" whi le  p recess ion  excurs ions  remain wi th in  -11.65O - < 

+ 1 1 . 1 2 " .  This  motion in t roduces  a maximum e l e c t r i c a l  power 
p e n a l t y  of only 2 . 2 % .  I t  t h e r e f o r e  seems t h a t  p a s s i v e  p recess ion  
c o n t r o l  of t h e  sp inning  Skylab i s  p o s s i b l e .  

< 
e 2  - 

7 .0  CONCLUSIONS 

This  memorandum has demonstrated t h a t  t h e  motion of a 
Skylab v e h i c l e  under t h e  a c t i o n  of major e x t e r n a l  i n f l u e n c e s  
undergoes,  p r i m a r i l y ,  a p r e c e s s i o n a l  motion wi th  r e s p e c t  t o  a 
s o l a r  i n e r t i a l  r e f e rence .  

The r e s u l t s  f o r  s h o r t  term motion suppor t  t h e  conclus ions  
of Reference 2 t h a t  CSM RCS f u e l  consumption can be opt imized f o r  
a d a i l y  t h r u s t e r  f i r i n g  s t r a t e g y  of p recess ion  c o n t r o l .  More 
impor t an t ly ,  t h e  r e s u l t s  f o r  t h e  long t e r m  i n d i c a t e  t h a t  i f  t h e  
a r t i f i c i a l  g r a v i t y  experiment i s  conducted dur ing  a j u d i c i o u s l y  
chosen t i m e ,  it appears  p o s s i b l e  t o  c o n t r o l  p recess ion  p a s s i v e l y .  
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Even if it is desired to trim the attitude of the vehicle at 
extreme points of the excursions, such occasions occur only 
twice during the experiment and precession control is still 
nearly passive. The CSM RCS fuel weight savings of about 450 
lbs coupled with the fact that the crew will not have to move 
to the CSM every time a corrective thruster firing is conducted 
makes passive or near passive precession control an attractive 
alternative. 
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